In colorectal carcinoma the evaluation of BRAF mutation status is increasingly being performed given its utility as a prognostic and predictive biomarker. However, there are conflicting reports of the sensitivity and specificity of BRAF V600E immunohistochemistry (IHC), and little is known about its reliability in tissues collected from metastatic sites or after chemotherapy, radiation therapy and/or targeted therapy. The degree of intratumoral staining heterogeneity is also not well established. We performed IHC for BRAF V600E (VE1) on 204 cases of colorectal carcinoma including 59 with the BRAF V600E mutation. These included primary (n = 147) and metastatic/recurrent (n = 57) tumors, collected before (n = 133) or after (n = 71) chemotherapy, radiation therapy and/or targeted therapy. Evaluation of a test cohort (39 cases) with knowledge of mutation status established a specific staining pattern for the mutation: diffuse cytoplasmic staining of near-uniform intensity, regardless of strength of staining. Using this pattern, pathologists at 3 levels of training independently performed blinded evaluation of the remaining cases. BRAF V600E staining was 96.3% sensitive and 98.5% specific for the mutation, including both pretreatment and posttreatment specimens. Fleiss k for interobserver agreement was 0.96. Staining of whole sections of the BRAF mutants showed diffuse staining in all cases and uniform or near-uniform intensity in 91%. In 20 cases with both pretreatment and posttreatment specimens, there was 100% accuracy and agreement in staining between samples. We conclude that BRAF V600E IHC is reliable for the evaluation of mutational status in colorectal carcinoma regardless of site or prior treatment history, and staining shows a high degree of intratumoral homogeneity.
A ctivating mutations in the BRAF gene-most frequently those resulting in the substitution of glutamate for valine at position 600 (V600E mutation)-occur in a range of human neoplasms including melanoma, hairy cell leukemia, papillary thyroid carcinoma, serous ovarian tumors, and colorectal carcinoma, among others. [1] [2] [3] [4] BRAF mutation results in constitutive activation of the MAPkinase signaling cascade leading to dysregulation of cell proliferation and apoptosis, thereby contributing to the neoplastic process. In colorectal adenocarcinoma, studies have shown that microsatellite-stable tumors carrying the BRAF mutation are clinically aggressive and are associated with poor survival. [5] [6] [7] Furthermore, as in KRASmutant colorectal carcinomas, those with BRAF mutations may be unresponsive to targeted therapy with inhibitors to epidermal growth factor receptor. 8, 9 Testing for the BRAF V600E mutation has also been shown to be useful in distinguishing sporadic microsatellite-unstable colorectal carcinomas from those associated with Lynch syndrome. 10, 11 Given that BRAF mutation status is clinically useful as a prognostic and predictive biomarker in colorectal adenocarcinoma, determination of mutation status is increasingly being performed as an adjunct to histopathologic examination. Mutation testing is commonly implemented through polymerase chain reaction (PCR)-based assays or sequencing modalities. Such molecular methodologies are relatively expensive and time consuming and may be insensitive in samples with a small quantity and low cellularity of tumor. 12, 13 This is particularly relevant in posttreatment settings, wherein residual tumor cells may be scant, resulting in suboptimal tissue samples for molecular testing. The recent development of mutation-specific BRAF V600E monoclonal antibodies has opened up new avenues for rapid immunohistochemical (IHC) screening for BRAF mutations. 14 Such antibodies are now commercially available and have been implemented in many institutions. Application of these antibodies has been shown to be a useful and reliable tool in almost all pathologic entities carrying the BRAF V600E mutation, including melanoma, hairy cell leukemia, serous ovarian tumors, lung adenocarcinoma, and papillary thyroid cancer, 3, [15] [16] [17] [18] [19] and interobserver variability has generally been good. 20 Comparisons between specific antibodies have shown somewhat differing reliabilities, with a recent study suggesting a slight superiority of the VE1 antibody for clinical use. 4 In colorectal neoplasia in particular, the availability of such antibodies is potentially useful not only for prompt determination of mutation status in carcinomas but also for improved classification of premalignant serrated lesions. 21 Furthermore, when used in a panel with immunostains for mismatch-repair proteins, these antibodies facilitate rapid screening for Lynch syndrome and help define aggressive tumors with poor prognosis. 6, 10, 11 However, studies on the utility of V600E antibodies in colorectal adenocarcinoma have shown mixed results. Although most have reported a high sensitivity and specificity, [22] [23] [24] others have found a lower sensitivity and specificity using the same VE1 antibody. 25 Additionally, although reported in small numbers, 3, 4, 23, 25 the relative reliability of BRAF V600E antibodies in samples of metastatic colorectal adenocarcinoma is not well established compared with primary tumors. Lastly, to our knowledge, the effect of traditional chemotherapy (neoadjuvant or adjuvant) or targeted BRAF inhibition on BRAF staining in colorectal carcinoma has not been studied, and the degree of staining heterogeneity within an individual tumor is not well defined.
The objectives of this study were: (1) to examine the staining pattern, sensitivity, specificity, and interobserver variability of BRAF V600E IHC performed on primary and metastatic colorectal adenocarcinomas, including treatment-naive tumors and those procured after neoadjuvant, adjuvant, or targeted therapy; and (2) to assess intratumoral heterogeneity of the staining in samples from BRAF V600E mutation-positive tumors.
MATERIALS AND METHODS

Tissue Samples
This study was approved by the institutional review board of the Massachusetts General Hospital, Boston, MA.
Colorectal adenocarcinoma cases with known BRAF mutation status were identified from the pathology files of Massachusetts General Hospital (Boston, MA). These consisted of 204 cases diagnosed between 1997 and 2012, including 147 primary resections and 57 resections of metastatic or locally recurrent tumors. Of those, 26 (18%) primary tumors were resected after neoadjuvant chemotherapy/radiation therapy, and 45 (79%) metastatic/recurrent tumors were sampled after adjuvant chemotherapy/radiation therapy. In 1 case with a BRAF V600E mutation, the patient had been treated with combined targeted therapy with BRAF and MEK inhibitors before tumor sampling. In 20 cases, 6 of which harbored a BRAF V600E mutation, both pretreatment and posttreatment specimens from the same patient were examined. These included samples of 10 primary resections and 10 metastatic tumors before and after chemotherapy. The median age at initial diagnosis was 61 (range, 24 to 92 y), and the overall male:female ratio was 0.79. Patient demographics and tumor characteristics are listed in Table 1 . Original hematoxylin and eosin-stained sections of all formalin-fixed paraffin-embedded colorectal carcinoma cases were reviewed by 2 pathologists (J.R.B. and M.M.-K.) for the presence of adequate material for tissue microarray (TMA) construction. TMAs were constructed using 2 to 3 (median 3) 2-mm-thick tissue cores of representative tumor from each case, along with multiple cores of non-neoplastic colonic mucosa, which served as controls.
Mutational Analysis
In all cases, tumor mutation status had been determined before the study as part of the clinical workup by a multiplex PCR-based assay (SNaPshot platform; Applied Biosystems) to detect a panel of commonly mutated genes implicated in oncogenesis, including BRAF, KRAS, APC, and TP53, among others, as previously described. 26 Immunohistochemistry IHC analysis was performed on 5-mm-thick sections of the TMAs using an automated immunostainer (BOND-III; Leica Microsystems, Bannockburn, IL). Briefly, formalin-fixed paraffin-embedded sections were deparaffinized, antigen retrieval was performed with an EDTA-based solution (Leica) at pH 9 for 40 minutes, and sections were stained with antibodies to BRAF V600E (clone: VE1, 1:100; Spring Bioscience, Pleasanton, CA). ). Consensus examination of a "test cohort" consisting of 2 TMAs, including 7 BRAF-mutant cases (20 tissue cores) and 32 BRAF wild-type cases (96 tissue cores), was performed with full knowledge of mutation status to establish the most sensitive and specific staining pattern. Subsequent blinded evaluation of a "validation cohort"-consisting of 8 additional TMAs, including 40 BRAF-mutant cases (99 tissue cores) and 99 BRAF wild-type cases (262 tissue cores), and 26 wholeslide sections, including 12 BRAF-mutant and 14 BRAF wild-type cases-was performed independently by each of the above observers.
To evaluate intratumoral uniformity/heterogeneity of BRAF immunostaining, whole-slide sections of 55 of the 59 BRAF-mutant cases (those with sufficient tumor left in the blocks) were stained with the VE1 antibody and evaluated by 2 of the authors (J.R.B. and M.M.-K.). Whole-slide sections on all cases with both pretreatment and posttreatment specimens were also examined to determine the degree of staining heterogeneity induced by treatment. Staining intensity was scored from 0 to 3: negative (0), weak (1), moderate (2), and strong (3). Diffuseness of staining was scored as: diffuse (all malignant cells fulfill staining criteria) or nondiffuse (lack of staining in any malignant cells). Uniformity/homogeneity of staining was scored as: uniform (all malignant cells having the same staining intensity), near-uniform (a minority of cells with ± 1 intensity of staining compared with the majority), and heterogenous (variability of staining intensity).
Statistics
Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) of the established IHC staining pattern for BRAF V600E mutation were calculated for each observer and averaged for overall values. Interobserver variability was calculated using Fleiss k. Analyses were performed using Prism 6 statistical software (Graph-Pad Software Inc., La Jolla, CA).
RESULTS
BRAF V600E mutations were present in 59 of 204 cases (29%) as determined by molecular analysis. The other mutations identified in this cohort included KRAS (n = 48), TP53 (n = 36), and/or PIK3CA (n = 10) mutations with or without additional non-BRAF or NRAS mutations only (n = 5). No mutations were detected in 54 cases, and there were no detectable BRAF mutations in 9 cases in which analysis for non-BRAF mutations was not performed.
Consensus examination of the test cohort revealed nonspecific BRAF V600E immunostaining of the normal colonic mucosa, which was confined to the luminal/superficial region of the crypt and consisted of nuclear and occasional cytoplasmic staining. Importantly, nuclear staining was always more intense than cytoplasmic staining in the normal mucosa ( Fig. 1A) . A highly sensitive and specific staining pattern was observed for cases with the corresponding BRAF V600E mutation: diffuse cytoplasmic staining of tumor cells with or without membranous accentuation, and staining of nearly uniform intensity. Absolute cytoplasmic staining intensity varied in the BRAF-mutant cases from weak to strong but importantly was uniform in all cores from an individual case (Figs. 1B-D). Weak but diffuse cytoplasmic staining was seen in 14 cores (7 cases) that were scored positive for BRAF staining (15% of all positive cores). Nuclear staining occurred only in a minority of BRAF mutants (Fig. 1C) , was regarded as nonspecific, and, in the absence of the above cytoplasmic criteria, was taken as nondiagnostic. Nonspecific nuclear and heterogenous nondiffuse cytoplasmic staining of variable intensity was observed in occasional non-BRAF-mutant cases.
Application of this staining pattern to establish positive BRAF V600E staining in the "validation cohort" yielded an overall sensitivity of 96.3%, specificity of 98.5%, PPV of 96.3%, and NPV of 98.5%, averaged across the 3 observers, following independent blinded evaluation. This included both primary and metastatic tumors and both pretreatment and posttreatment specimens. In primary resection specimens, sensitivity and specificity were 95.9% and 99.3%, in metastatic or locally recurrent tumors 100% and 96.7%, in untreated specimens 96.1% and 99.4%, and in treated specimens 95.8% and 97.0%. Fleiss k for interobserver agreement was 0.96. There was 100% consistency and accuracy of staining between pretreatment and posttreatment samples in the 20 cases with both.
BRAF immunostaining of whole-slide sections of the BRAF V600E mutants revealed diffuse staining of tumor cells in all cases. The results of scoring for staining intensity and uniformity are shown in Table 2 . The majority of cases showed diffuse and uniform (69%) or diffuse and near-uniform (22%) staining of all malignant cells. In 5 cases (9%), the staining pattern was diffuse and convincingly positive, but intensity was not uniform. In each of the latter 5 cases, approximately half of the tumor cells showed weak (1+) cytoplasmic staining, and the remaining half showed moderate (2+) staining intensity. Comparison of pretreatment and posttreatment whole-section specimens from the 6 patients with BRAF mutations who underwent neoadjuvant or adjuvant chemotherapy/radiation therapy showed no difference in staining intensity and uniformity, indicating that treatment did not induce heterogenous staining ( Figs. 2A, B ). In the BRAF-mutant case in which the patient had undergone treatment with combined BRAF and MEK inhibitors, positive (2+) staining was seen in the tumor sample (Figs. 2C, D).
In 1 case with a BRAF mutation, BRAF staining of all 3 cores was interpreted as negative by the 3 observers. This case was from a primary resection specimen without prior neoadjuvant chemotherapy and was composed entirely of signet-ring cells with large intracytoplasmic FIGURE 1. BRAF V600E (VE1) IHC in normal colonic mucosa and BRAF-mutant colorectal carcinoma. Nonspecific staining of normal mucosa was heterogenous with negative staining in the crypt base and conspicuous nuclear and weak cytoplasmic staining of the luminal aspect of the crypts (A; inset: higher power). Absolute intensity of staining in BRAF mutants varied from strong (B) to moderate (C) to weak (D) but was notably uniform in all cases (B-D insets: corresponding H&E). Nuclear staining occurred occasionally (C) in BRAF mutants, especially in the luminal aspect, but should be regarded as nonspecific. vacuoles and abundant extracellular mucin (Figs. 3A, B) . In another case of a BRAF-mutant primary resection with no prior treatment, 1 tissue core was interpreted as negative for BRAF staining by 2 of 3 observers. This case showed medullary architecture with weak but distinct and uniform staining of tumor cells (Figs. 3C, D) . A separate core from the same case was appropriately interpreted as positive for BRAF mutation by all the 3 observers ( Fig. 1D ). Finally, in another BRAF-mutant case, 1 observer interpreted staining in 1 of 3 cores as negative. In retrospect, this case showed weak but uniform staining (Figs. 3E, F) . In each of these 3 false-negative cases, the appearance of the tumor on the corresponding wholeslide sections was nearly identical to the tissue cores, but the whole-slide sections were correctly interpreted as positive. This was likely due to the presence of more tissue, allowing for a better appreciation of the diffuse nature of tumor cell staining despite the weak staining in the latter 2 cases and a better appreciation of cytoplasmic staining in the case with signet-ring cells.
In 1 core each of 2 separate BRAF wild-type cases, staining was interpreted as positive by 1 observer (the same observer in both instances). Each of these tumors was resected after chemotherapy; one was a primary resection specimen and the other a hepatic metastasis. Both cases had limited evaluable tumor, dim staining of tumor cells and high background staining; crush artifact also hampered evaluation in 1 case (Figs. 4A-D) . In hindsight, both cases showed nonuniform staining of tumor cells, although the scanty tissue made this determination difficult (Figs. 4B, D) . It is noteworthy that smooth muscle in particular showed a high degree of background staining not infrequently in the cohort (as seen in Fig. 4B ).
Finally, the 3 observers scored positive all 3 tissue cores of 1 case that had no detectable BRAF mutation by the molecular analysis performed as part of the clinical workup. This case was from a 65-year-old man with a hepatic metastasis status post 2 cycles of chemotherapy and showed limited clusters of carcinomatous cells floating in abundant extracellular mucin (Figs. 5A, C). IHC showed staining fulfilling all of the above staining criteria, including diffuse and uniform cytoplasmic staining, which was strong in intensity (Figs. 5B, D) . Notably, this case had been shown to lack expression of mismatch-repair proteins MLH1 and PMS2; an MLH1 methylation assay was not performed. Prompted by our IHC findings, we repeated BRAF mutational analysis on the area with the highest tumor cellularity, and a BRAF V600E mutation was detected.
DISCUSSION
Mutation-specific IHC for BRAF V600E has been established as a rapid and relatively inexpensive assay for mutation screening of colorectal and noncolorectal neoplasms. 4, 15, [22] [23] [24] Whereas BRAF V600E staining has previously been shown to be useful in primary colorectal carcinomas and in metastases of noncolorectal tumors such as melanoma, 15 relatively few studies have examined BRAF V600E staining in metastatic colorectal carcinoma, and in these studies the number of metastatic cases examined has generally been low. 3, 4, 23, 25 Further, to our knowledge little has been reported about the relative reliability of BRAF V600E immunostaining in posttreatment specimens. Here we show that the BRAF V600E VE1 antibody is sensitive and specific in a large cohort of colorectal carcinomas and that the high sensitivity and specificity of the stain is maintained in metastatic tumors and posttreatment speci-mens. Further, we demonstrate 100% concordance and accuracy of staining in 20 cases in which both prechemotherapy and postchemotherapy samples from the same patient were examined. Table 3 lists our findings along with those of prior studies that have investigated the reliability of BRAF V600E IHC in colorectal carcinoma.
The discrepancy between the numerous studies demonstrating high sensitivity and specificity of the BRAF V600E antibody and those reporting poor reliability is difficult to reconcile but may be due to technical considerations such as variation in staining protocols, or potentially due to underrecognition of staining pitfalls or inaccurate discounting of weak but positive cytoplasmic immunostaining. In this study, adherence to predefined staining criteria resulted not only in high concordance with mutational analysis but also in near-perfect interobserver agreement between pathologists at all stages of training, suggesting that the interpretation is straightforward and reproducible. Similarly high levels of agreement have been demonstrated with this antibody previously. 10, 11, 20, 22, 23 In this study, evaluation of the staining pattern of whole-slide sections of the BRAF mutants revealed a high degree of intratumoral homogeneity, with diffuse staining of tumor cells in all cases and uniform or near-uniform staining in > 90% of cases. In the 5 cases with nonuniform staining, the overall staining pattern was clearly positive regardless. Understanding the importance of diffuseness and near-uniformity of cytoplasmic staining may help increase sensitivity, specificity, and interobserver agreement, particularly in weakly staining cases. The latter point is critical, as there appears to be case-to-case variability in the absolute intensity of cytoplasmic staining of BRAF mutants with the VE1 antibody but uniformity or near-uniformity within an individual case. 11, 24, 25 For example, in this study 14 cores (15% of all BRAF-mutant cores) showed weak but diffuse staining, which if discounted would have decreased the sensitivity of the stain from 96% to 82%. Therefore, weak but convincingly diffuse and near-uniform cytoplasmic staining should not be disregarded on the basis of low staining intensity.
Staining method is another potential source for discrepancy between prior studies. Adackapara et al 25 report a relatively low sensitivity and specificity using a manual staining method performed when initial attempts to stain with a Dako autostainer (Dako, Carpinteria, CA) were unable to produce a sufficiently strong signal. Many other studies on BRAF IHC in colorectal carcinoma have used automated Ventana strainers (Ventana Medical Systems Inc., Tucson, AZ) 10,22-24 and have shown decent sensitivity and specificity. Here we used a Leica BOND-III immunostainer, also with good sensitivity and specificity when weak but diffuse staining was considered positive. Weak staining was also seen in a minority of cases when using the Ventana platform in prior studies on colorectal carcinoma. [22] [23] [24] Given these findings, we believe that weak staining in most cases reflects true staining heterogeneity between cases. However, there seems to be differences in staining quality and reliability between platforms, possibly because of variability in antigen-retrieval methods or antibody specificity, and staining of FIGURE 5. This case had no detectable BRAF mutation by molecular analysis, but multiple tissue cores (A and C) showed scant groups of tumor cells that fulfilled all positive BRAF V600E staining criteria (B and D): strong and uniform cytoplasmic staining with or without membranous accentuation. Repeat molecular analysis was performed and was positive for the V600E mutation, consistent with an initial false-negative molecular result, likely because of the limited tumor purity and low tumor cellularity. colorectal carcinomas in particular seems to often be problematic. Therefore, before implementation of BRAF V600E IHC for clinical use, it is important to understand the issues potentially associated with each platform and to validate the antibody using a large cohort of tumor types including BRAF V600E-mutant colorectal carcinomas. Awareness of common pitfalls in staining interpretation is essential for the surgical pathologist. In our experience, misinterpretations in the evaluation of immunostaining were most likely to occur in cases with signet-ring cell morphology, cases with very limited amounts of evaluable tumor, and cases with dim but uniformly positive cytoplasmic staining. Here, false-negative interpretation of staining in cases with signet-ring morphology likely arose secondary to limited visualization of the cytoplasm, which was almost entirely replaced by mucin. 11 Interestingly, others have reported false-positive staining of intracellular mucin of signet-ring cells with the VE1 antibody. 22 In addition, caution should be taken when only a few neoplastic glands are seen, particularly in the setting of high background staining. Finally, as described previously in both normal colonic mucosa 21 and in carcinoma, 3 nonspecific nuclear staining is fairly common and should not be interpreted as connoting an underlying BRAF V600E mutation.
Interestingly, in 1 microsatellite-unstable case the BRAF IHC staining pattern seen in all 3 cores strongly suggested a BRAF mutation, but mutational analysis was negative (Fig. 5 ). The carcinomatous tissue was scant and surrounded by abundant mucin. Repeat mutational analysis on this case revealed that the tumor did in fact carry the BRAF V600E mutation. The scant cellularity may have initially precluded optimal molecular evaluation thereby resulting in a false-negative molecular result. It is well documented that many commonly used PCR-based and sequencing-based mutational assays require a minimal absolute amount of tumor or tumor cellularity for analysis. 12, 13 For example, 1 study evaluating BRAF mutational testing platforms found that complete agreement between 5 molecular testing modalities required a sample with at least 10%, and in certain cases up to 50%, tumor cellularity. 12 As in the present study, prior studies have identified cases of colorectal carcinoma and melanoma that were originally BRAF wild type by molecular analysis but were subsequently found to harbor BRAF mutations after repeat testing prompted by discordantly positive IHC. 11, 15 Taken together, these results suggest that BRAF V600E IHC may have greater sensitivity than molecular analysis in cases with scant tissue, such as posttreatment samples, as expression can be evaluated through direct visualization of the cells of interest.
One specific case included in this study is particularly informative. In this case, we show that treatment with a BRAF mutation-specific inhibitor does not preclude accurate determination of BRAF mutation status by IHC. It should be noted that in this case the patient had progression of disease while on targeted therapy, and no pretreatment sample was evaluated so we therefore cannot speculate on the relative change in BRAF expression induced by BRAF inhibition.
Finally, prior studies have shown that the detection of BRAF mutations in colorectal adenocarcinoma is highly concordant between biopsy samples and corresponding resection specimens when using traditional molecular methods. 27 Comparatively little is known about the sensitivity and specificity of BRAF IHC on colorectal carcinoma biopsy specimens with only a small amount of tissue. Our results are based, in part, on the evaluation of TMAs with tissue cores of 2-mm diameter, approximating the typical amount of tissue received in a standard biopsy of a colorectal mass. 28, 29 The uniformity of staining seen within a particular core and between cores and whole-slide sections from the same case indicates that IHC examination of small amounts of diagnostic tissue should reflect the staining characteristics of the tumor as a whole. Therefore, we believe that the high sensitivity and specificity demonstrated in this study recapitulates that which might be expected in biopsy specimens. Further, although limited, our experience with biopsy specimens (n = 5, data not shown) supports the clinical use of BRAF IHC on even small amounts of tissue.
In summary, we report that BRAF V600E IHC is a highly sensitive and specific method for detecting the corresponding BRAF mutation in colorectal carcinoma, regardless of tumor site or treatment status. We also show that interpretation using predefined staining criteria, including diffuse and near-uniform cytoplasmic staining, results in excellent interobserver agreement, and our findings suggest that this method may be sensitive enough to be used on small amounts of tissue such as endoscopic biopsies. Taken together, our data support the notion that mutationspecific IHC for the BRAF V600E mutation is a useful assay that will serve well as a rapid screening test for the BRAF V600E mutation. For cases with scant tumor cellularity and/or purity, IHC for the detection of the BRAF V600E mutation may in fact have an advantage over more laborious molecular methods.
